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Available online 3 March 2016Understanding the transport and deposition of sediments along the Antarctic continental shelves helps to
provide constraints on past ice sheet dynamics. Seismic stratigraphic and scientiﬁc drilling data from the
Antarctic continental margins have providedmuch direct evidence concerning ice sheet evolution and sedimen-
tation history. In this study, we describe a series of sedimentary features along the continental margin of the
southeastern Weddell Sea to constrain glacial-inﬂuenced sedimentation processes from the Middle Miocene to
the present. The Crary Trough Mouth Fan (CTMF), channel systems, Mix-system turbidity-contourites are
investigated by using seismic reﬂection, sub-bottom proﬁler, and results from ODP Site 693. The sinuous,
NE-SW-oriented turbidity-contourites are characterized by bathymetric highs that are more than 150 km
wide, 700 km long, and have a sediment thickness of up to 2 km. The unique sedimentation environment of
the southeastern Weddell Sea is controlled by a large catchment area and its fast (paleo-)ice streams feeding
the Filchner Ronne Ice Shelf, turbidity/bottom currents as well as sea level changes. A remarkable increase in
mass transport deposits (MTDs) in the Late Miocene and Early Pliocene strata has been related to, ice sheet
loading, eustatic sea level fall, earthquakes, and overpressure of rapid sediment accumulation. Our seismic
records also imply that ﬂuctuations of East Antarctic ice sheet similar to those that occurred during the last
glacial cycle might have been typical for southeasternWeddell Sea during glacial periods since the Late Miocene
or even earlier.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Glacially derived depositional and erosional features dominate the
seaﬂoor and upper sedimentary strata of the continental margin of the
southeastern Weddell Sea, Antarctica (Fig. 1). Interactions between
downslope (turbidity current) and along-slope (bottomcurrent) process-
es are common at all continental margins, and can create various deposi-
tional features (levees, drifts) (Hernández-Molina et al., 2010). Bottom
currents are capable of building thick and extensive sediment deposits,
often with a noticeable mounded geometry, which are interpreted as
contourites (Stow et al., 2002; Rebesco et al., 2014). When turbidity cur-
rents are dominant, extensive channel levee deposits or giant sediment
ridges can be formed. Either contourites or depositional ridges host valu-
able information on the past ocean circulation, ﬂow velocities, ice-sheet
stabilities and sea-ice coverage. Mass transport deposits (MTDs) are an-
other typical depositional features caused by down-slope movements
on the continental margin (Nelson et al., 2011; Piper et al., 2012).
Mounded sediment drifts (contourites) have been largely reported
along Antarctic margins. Several elongate-mounded drifts were. This is an open access article underinvestigated in great detail at Antarctic Peninsula Paciﬁc Margin (Drift 6,
7, Rebesco et al., 1996). Drift 7 is a 200 km long elongated feature, about
70 kmwide and its sediments are up to 1 km thick. It has been interpreted
to be formed by turbidity currents ﬂowing in deep-sea channels extend-
ing from the margin to the abyssal plain, and redistributed by the SW-
following boundary current derived from Antarctic Bottom Water
(AABW) (Rebesco et al., 1996; Hernández-Molina et al., 2006). Similar
in the northern Weddell Sea and Scotia Sea, extensive contourite drifts
are suggested to be originated from AABW and Weddell Gyre ﬂows
(Maldonado et al., 2003, 2005). Uenzelmann-Neben andGohl (2012) pro-
posed that the ﬂows of the proto-AABW and intensiﬁed southwest-
ﬂowing bottom currents are the main factors in the development of
elongate-mounded drifts with lengths of 30 km in the Amundsen Sea.
In Prydz Bay, Kuvaas and Leitchenkov (1992) identiﬁed 20–30 km wide
mounded sediment ridges and attributed their formation to a westward
ﬂowing bottom current activity interacted with overbank ﬂow from tur-
bidity currents within the channel.
Large-scale down-slopemovement has leftMTDs as common occur-
rences on the Antarctic continental slopes. e.g. Scotia Sea (Ruano et al.,
2014), the Amundsen Sea (Uenzelmann-Neben andGohl, 2012),Wilkes
Land margin (Donda et al., 2008). The gentle gradient of 1° in the
southeastern Weddell Sea will have permitted increased depositionthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Bathymetrymapwith locations of multi-channel seismic lines. Heavy red and black lines show the portions, whichwere displayed in our study. Background image: global seaﬂoor
topography grid (Arndt et al., 2013) EAIS: East Antarctic Ice Sheet; DML: Dronning Maud Land; FT: Filchner Trough; CTMF: Crary Trough Mouth Fan; Black lines: multi-channel seismic
lines; white stars = ODP 693 site.
212 X. Huang, W. Jokat / Global and Planetary Change 139 (2016) 211–225and preservation of MTDs on the distal, middle to lower continental
slope (Fig. 1). Sediment loading, crustal rebound, sea level changes,
earthquakes, active tectonics and ﬂuids and/or gas hydrate dissociation
are common triggers of MTDs (Bart et al., 1999; Shanmugam, 2006;
Nelson et al., 2011; Piper et al., 2012; Vargas et al., 2012).Fig. 2. The interpreted glacial key horizons of multi-channel seismic line from the OTrough-mouth fans are shelf-edge and upper-slope depocentres
adjacent to the mouths of paleo-ice streams (broad zones of
fast-ﬂowing ice) that existed along formerly-glaciated continental
shelves at high latitudes (Vorren and Laberg, 1997; Ó Cofaigh
et al., 2003; Dowdeswell et al., 2004). Examples are the BelgicaDP drilling site 693, and its correlation into the seismic data used in this study.
Fig. 3. Seismic, sediment structures (AWI-90,140, AWI-90,160) across the continental slope of the southeastern Weddell Sea. Red lines represent the growth faults.
213X. Huang, W. Jokat / Global and Planetary Change 139 (2016) 211–225Fan on the continental margin of the Bellingshausen Sea, the Prydz
Channel Fan on the upper continental slope, the Scoresby Sund
Fan off East Greenland, and the Crary Trough Moth Fan (CTMF) at
the southeastern Weddell Sea continental margin (Kuvaas and
Kristoffersen, 1991; O'Brien et al., 2004; Dowdeswell et al., 2008;
Laberg et al., 2013, this study). The associated CTMF formed when
grounded ice repeatedly reached the continental shelf edge as
fast-ﬂowing ice streams, delivering large volumes of sediments
directly to the upper slope (Kuvaas and Kristoffersen, 1991; Ó Cofaigh
et al., 2003).Fig. 4. Interpreted seismic proﬁle AWI-92,020, which crosses the two large sediment ridges and
on the west side of the channels, respectively.In this contribution,we bringnew constraints to the interpretation of
sedimentary structures in the Weddell Sea and their relationship to
regional and global change by correlating those interpretations to the
regional stratigraphic model of Miller et al. (1990) from ODP site 693.
To do this, we tie the drill site to the network of seismic surveys ANT
V-4 (1987), ANT VIII-5 (1990) ANT X-1/2 (1992) in the southern
Weddell Sea.We concentrate on the description of the depositional his-
tory of the southeasternWeddell Sea. Age control of the signiﬁcant sed-
imentary features is of great help in understanding themargin evolution
history of study region from the Middle Miocene to the present day.Channel II. Note the levee deposits and the buried old eastern levee deposits are observed
Fig. 5. Seismic proﬁle BGR-86,013, which provides an overview on the sedimentary fabric of the sediment ridges A and B as well as Channels II and III.
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Three large channels, referred to as Channel I, Channel II, and
Channel III, cross the CTMF from SW to NE, steering around a series of
basement highs that are interpreted as a chain of volcanic seamounts,
including Polarstern Bank (Jokat et al., 1996) (Fig. 1). The development
of the channels has been related to an advance of Antarctic ice inMiddle
Miocene times (~14–10 Ma; Kuvaas and Kristoffersen, 1991). This
advance, and another in Late Pliocene times (~3.3–2.4 Ma), is known
from large-amplitude shifts of benthic δ18O and eustatic sea level
measured in global sediment cores (Zachos et al., 2008; Tripati et al.,
2009, Miller et al., 2011). The Middle Miocene event is thought to
have controlled sedimentation process all along the continentalmargins
of Antarctica and the Southern Ocean (e.g., Anderson, 1999; Lear et al.,
2000; Zachos et al., 2008; Shevenell et al., 2004). In the Weddell Sea,
this notion is supported by the ﬁrst occurrence of abundant ice-rafted
debris (IRD) and turbidite deposits in Middle and Late Miocene strata
at Sites 693 and 694 (Barker et al., 1988).
Paleo-ice streams played a signiﬁcant role in transporting a great
quantity of glacial sediments from the continent to the shelf edge
(Ó Cofaigh et al., 2003; Dowdeswell et al., 2004). Submarine slope
channels (kilometers wide and hundreds of meters deep) oncontinental margins acted as conduits for the transfer of large vol-
umes of coarse-grained sediment from these streams to the deep
oceans (Dowdeswell et al., 2008). A huge depocentre with up to 5 km
of glacial sediments exists in the southern Weddell Sea (Huang et al.,
2014). The sedimentswere transported by paleo-ice streams and subse-
quently reworked by gravitational ﬂows, which led to the production of
seaward prograding clinoforms at the margin (Cooper et al., 2008).
Joughin and Bamber (2005) examined the mass balance of the
ice-stream catchments feeding the Filchner Ronne Ice Shelf, which
comprise approximately 22% of Antarctica's grounded ice sheets. The
total area of the drainage basins associated with the Filchner-Ronne
Ice Shelf is about 2,681,000 km2 with accumulation ﬂux about
230 G ton/year. The remarkable large catchment area that drains the
Filchner Ronne Shelf is responsible for the large quantity of the glacial
sediments in the southern Weddell Sea compared to other parts of the
Antarctic margin (Melles et al., 1995; Joughin and Alley, 2011).
From lithofacies analysis of material recovered in gravity cores,
Weber et al. (1994) andMichels et al. (2002) reported on the existence
of extensive contourite/channel-levee deposits in the Weddell Sea. The
margin slope of the southeastern Weddell Sea is dominated by gullies
and channels eroded by turbidity currents (Gales et al., 2014). These
currents can be related to the Weddell Sea Embayment's importance
Fig. 6. Examples of the levee deposits on the ﬂanks of Channel II, see the locations inFig. 1.
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global deep and bottom water is generated (Weppernig et al., 1996).
This occurs as part of the regional ocean circulation in the Weddell
Sea, which is dominated by the cyclonic, wind-driven Weddell Gyre
that moves surface water down to the seaﬂoor (Gordon, 1993; Orsi
et al., 1993; Fahrbach et al., 1995). Cold downslope-ﬂowing Weddell
Sea Bottom Water (WSBW) originates from dense shelf water, which
is a precursor to AABW (Gordon, 1993, Fahrbach et al., 1995). The
dense shelf water forms on the continental shelf by regionally varying
combinations of brine rejection from sea-ice growth and ocean/ice
shelf interactions (Ohshima et al., 2013). It spills over the Filchner
Trough in the southeastern Weddell Sea at an average transport rate
of 1.6 Sv (106 m3/s) (Foldvik et al., 2004). About 50–70% of the AABW
is formed in the Weddell Sea Basin (Orsi et al., 1993) and it is an
important component of the global thermohaline circulation (Fahrbach
et al., 1995; Orsi et al., 1999).
3. Data and methods
The bathymetric, sediment echosounding and seismic surveys
presented in this study were acquired during RV Polarstern cruises
ANT V-4 (1987), ANT VIII-5 (1990) and ANT X-1/2 (1992). In 1986/87
and 1989/1990, an 8-litre array operating at 14 MPa consisting of
3 Prakla Seismos air pulsers was used as the seismic source. The
active length of the 24-channel hydrophone streamer was 600 m.
In 1991/92, a 24-litre pulser array operated at 14 MPa was used with
a 2400 m-long streamer (96 channels). These expeditions acquired
over 25,000 km of multichannel seismic data in the southern Weddell
Sea. Technical details of the data acquisition and special problems
encountered in ice-covered regions are discussed in Jokat et al. (1997).
Sub-bottom proﬁling surveys were carried out using a conventional
3.5 kHz sediment echosounder system during the ﬁrst expedition
ANTV-4. Later, an Atlas Hydrographic Parasound parametric sediment
echosounder was used, recording the data on paper. Bathymetricsurveys were carried out using a Hydrosweep DS-2 system, based on
15 kHz signals. ODP Site 693,with 483.9mpenetration (Fig. 2), provides
age control for the shallow seismic sequences of the Weddell Sea. The
site is located on a mid-slope bench close to 15.5°W on the Weddell
Sea margin (Barker et al., 1988) (Fig. 1; white star).
In essence, we use the stratigraphic model of Miller et al. (1990) at
ODP site 693 for constraining our interpretation of the upper three
units. To support our interpretation we correlate the stratigraphic
information into the seismic network around the CTMF and Polarstern
Bank (Fig. 1). For consistency with recent publications by Lindeque
et al. (2013) and Huang et al. (2014), however, we use a slightly differ-
ent nomenclature, referring to key seismic horizons as WS-u5, WS-u6,
WS-u7 (these correspond to W5, W6, and W7 of Miller et al., 1990).
4. Results
Three depositional units and a number of different types of sedimen-
tary features are recognized along the southeastern continental margin
of the Weddell Sea based on seismic reﬂection data and sub-bottom
proﬁles. The details will be presented in this section.
Unit 1 is bounded by the prominent unconformities WS-u5 and
WS-u6. WS-u5 can be traced along all seismic proﬁles in the study
area. This lowermost unit shows partly high amplitude, subparallel
reﬂectors with intervening transparent zones (Fig. 3, CDP 17 to 2700)
(Fig. 4, CDP 500–2500). Partly chaotic acoustic response with high
amplitudes was observed on proﬁles AWI-90,140 (CDP 17–5000,
Fig. 3) and AWI-90,020, CDP 17–2700, Fig. 4). The middle unit
(Unit 2) is bounded by reﬂectors WS-u6 and WS-u7 and overlies Unit
1. Stratiﬁed strong parallel reﬂectors, as well as wavy reﬂectivity,
characterize the sediment ridge between Channels II and III (Figs. 1, 3,
AWI-90,140, CDP 17–4800). Acoustically transparent zones or dis-
continuous reﬂections are often observed within this unit (Fig. 3,
AWI-90,140, CDP 6400–7958; AWI-90,160, CDP: 17–2000; Fig. 4,
CDP 17–2500). Growth faults or fractures are observed in this unit.
Fig. 7. Examples of the channel-levee complexes, which show several different elements, including the channel, channel inﬁll, levee deposits sediment waves, and a buried drift in Unit 1.
The location of the line can be found in Fig. 1.
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with strong acoustic response, and irregularly-spaced transparent
zones. Locally, reﬂectors are truncated or terminate at the seaﬂoor
(Fig. 4, CDP 3500–4500).
4.1. Levee and contourite deposits
The most prominent linear ridge-shaped sediment accumulations
are the two elongated sediment ridges (ridge A and ridge B, Figs. 1
and 5), which were deposited at the distal part of CTMF in the southern
Weddell Sea (Fig. 1). These sediment ridges occur as distinct linearand segmented seaﬂoor relief running almost perpendicular to the
continental margin of DML (Figs.1, 5). Levee and contourite deposits
are observed in the two ridges.
4.1.1. Ridge A
Together with seismic reﬂection proﬁles, the bathymetric pattern
constrains ridge A to be more than 80 km wide and 700 km long.
Ridge A (Fig. 5 CDP: 1–1000) accumulated at the northwestern ﬂank
of Channel II, which was ﬁlled by sediment at the CTMF. The ridge
terminates at about 70° S 23° W and its maximum sediment thickness
is about 2 km. In the interior of the ridge, levee deposits are extensively
Fig. 8. An example of mounded drift formed from the Ridge B at the Channel III, see the locations in Fig. 1.
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units overlying chaotic seismic facies (Fig. 6A). Themaximum thickness
of levee deposits on the northwestern side of Channel II is around 1 km;
on the southeastern side the levee sediments are signiﬁcantly thinner.
Within Unit 1, levee deposits have developedwith subparallel reﬂectors
on the top of partly chaotic reﬂections (Fig. 6A). Levee deposits continueto be present in Unit 2, in which divergent reﬂectors are observed
(Fig. 6A CDP: 9700–10,500). Unit 3 consists of well-stratiﬁed reﬂectors
lying subparallel to the present seaﬂoor. The Channel II inﬁll is charac-
terized by chaotic facies with very high amplitudes. A similar levee de-
posit with asymmetric geometry is observed associated with Channel
II on the distal part of the CTMF (Fig. 6B).
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Fig. 10. Examples of the MTDs (blue areas) on the seismic proﬁles AWI-92,100 and AWI-90,133, which are observed around Polarstern Bank (locations in Fig. 1).
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low-amplitude or transparent reﬂectors on both ﬂanks of the Channel II
are observed at the distal part of the CTMF (Figs. 1, 7 in unit 1), where
they are interpreted as a channel levee complex. This part of Channel
II apparently originated during the deposition of Unit 2 and was ﬁlled
by sediment with chaotic facies and strong amplitude. However, the
west ﬂank of Channel II (Fig. 7, CDP: 5400–6400) is characterized by a
variable reﬂection pattern that includes well-stratiﬁed reﬂectors,
mostly likely a buried drift (Unit 1). Hummocky to chaotic reﬂection
are observed in Unit 2, and levee deposits dominate the Unit 3 with
occasionally sediment waves. The total sediment thickness of the
levee is about 0.5 km (Fig. 7).
4.1.2. Ridge B
Ridge B, bounded by Channels II and III, is more than 150 km wide
and 700 km long, and terminates at about 70° S 22° W (Figs. 1, 4, 5).
The maximum sediment thickness of ridge B is about 4 km. A mounded
depositional body is observed at thewestern ﬂank of Channel III (Fig. 5)
on the slope of the southern Weddell Sea margin (Fig. 1). The ridge
shows prograding reﬂection conﬁgurations, generated by strata that
were deposited by lateral outbuilding or progradation to form gently
sloping depositional surfaces. The reﬂection conﬁgurations change
from sigmoid (Unit 1) to oblique (Unit 2) (Fig. 5, CDP: 3000–7500).
A prominent mounded body (in Unit 3) displays strong amplitudes
in reﬂectors that are truncated towards the ﬂank of Channel III.
Small-scale slumps with chaotic reﬂectivity are present at the channel
wall (Fig. 5).
Fig. 8 shows data from the NWmargin of Channel III on the CTMF,
around 30 km basinward and an overall along-slope elongation with
asymmetric channel and mounded geometry on the proﬁle BGR-
86,013 (Fig. 5). The sedimentary body is asymmetric in shape, with a
steeper and rougher eastern slope and a gentler, smoother westernFig. 9.MTDs are observed on seismic proﬁle AWI-90,160,which is located at the CTMF (see Fig.
areas: MTDs repeatedly occurred in Unit 2.slope. Its steep side is characterized by relatively high amplitude re-
ﬂectors that terminate at the seaﬂoor (Fig. 8, CDP2300–2450). In
contrast, the more gentle side shows parallel or sub-parallel internal
reﬂectivity, which is sub-parallel to the sea ﬂoor above WS-u7.
Hummocky and chaotic reﬂectivity is observed both sides of the
mound and interpreted as old buried channels above unconformity
WS-u6 (Fig. 8, CDP1800–2200). It further shows that the mound
migrated to the west during the deposition of Unit 1 to Unit 2. Two
buried channels at both sides of the mound are observed at the
ﬂank of Channel III (Fig. 8).
4.2. Mass transport deposits (MTDs)
Our data show a remarkable increase of MTDs in Unit 2 (above
WS-u6), compared to Units 1 and 3 at the upper slope/lower slope tran-
sition on the CTMF close to the DML margin (Figs. 9, 10). Such deposits
are represented by broadly tabular to lenticular, internally chaotic to
semi-transparent bodies, underlain by a high amplitude reﬂector,
which corresponds to a strongly eroded surface (Figs. 9, 10 MTDs). For
comparison, a sub-bottom proﬁler shows recent mass transport
products, named glacigenic debris ﬂow deposits, on the slope of the
CTMF. The echo-facies comprises a high-amplitude, occasionally rough
surface reﬂector and low penetration on the sub-bottom proﬁler
(Fig. 9A-B). MTDs are extensively observed in Unit 2 to the west of the
Polarstern Bank and the distal part of CTMF (Fig. 10A and B).
4.3. Shelf edge deposits
The most prominent glacial trough in the Weddell Sea region is the
100–150 km wide Filchner Trough, which extends from beneath the
Filchner Ice Shelf to the continental shelf edge (Fig. 1). On the outer
shelf the trough is up to 500 m deep, and increases to about 1200 m1 for its location). Red box ABmarks the position the scanned subbottom proﬁler data. Blue
Fig. 11. Interpreted and non-interpreted seismic proﬁle BGR-86011, which crosses the continental shelf edge (locations in Fig. 1).
220 X. Huang, W. Jokat / Global and Planetary Change 139 (2016) 211–225water depth close to the ice shelf front in the south. Fig. 11 displays a
seismic proﬁle that crosses the outermost continental shelf, shelf edge
and slope of the CTMF. A number of truncations and toplaps are
observed on this proﬁle. The tentatively interpreted WS-u5 shows a
strong erosional, convex surface, and similar sub-parallel reﬂectors are
observed above it (Fig. 11). Reﬂectors in Unit 2 are less convex and
Unit 1 is characterized by relatively chaotic reﬂectivity. Oblique reﬂec-
tors terminating against an overlaying surface by apparent toplaps on
the continental shelf in the Fig. 11.
5. Discussion
5.1. Stratigraphic correlations
A tentative stratigraphic correlation has been made base on the
sampling at ODP Site 693, seismic expression of the used seismic
network in this study, and previous age model studies (Miller et al.,
1990; Rogenhagen et al., 2004, Huang et al., 2014). A prominent reﬂec-
tor WS-u5 represents the Middle Miocene, which is believed to be the
onset of a full-glacial regime. WS-u5 can be recognized basin-wide,
and marks a shift of seismic facies from chaotic or discontinuousreﬂections to more irregular and transparent patterns (Fig. 2).
Consistent with this, Unit 1 (~13–7 Ma) above Ws-u5, is associated
with glacial turbidites and IRD of Middle Miocene age at ODP Site
693 (Barker et al., 1988).
WS-u6 in our age model marks the Miocene/Pliocene boundary at
~7 Ma, based on magnetostratigraphic and biostratigraphic analysis of
ODP Site 693 (Barker et al., 1990). Unit 2, overlying it, has been assigned
a Late Miocene to Early Pliocene (7–3 Ma) age. During this period,
a short phase of climatic warmth occurred (4.9–4.1 Ma) with surface
water temperatures warmer than at the present day based on benthic
Mg/Ca, corresponding to high sea level and partial Antarctic ice sheet
retreat (Barker et al., 1990; Passchier, 2011).
UnconformityWS-u7 separates Unit 3 fromUnit 2 and is assigned to
the Late Pliocene (3.0 Ma), based on the drilling constraints of ODP 693
(Barker et al., 1988). This unit is dominated by a draping, continuous
sequence of relatively constant thickness (Fig. 2). In this period, Antarctic
cooling intensiﬁed and amajor ice sheet expansion occurred, resulting in
strengthened westerly winds and invigorated ocean circulation (Naish
et al., 2009; McKay et al., 2012). This occurred as part of a global cooling
that also saw sea level falls due to the expansion of NorthernHemisphere
ice sheets (Miller et al., 2011, Zachos et al., 2008).
Fig. 12. A smoothed global sea level curves for the past 15Myrs fromMiller et al. (2005) and (2011). The red curve is themodeled Antarctic ice volume from Pollard and DeConto (2009).
Solid bars indicate strong evidence for ice-sheet existence, and dashed lines indicate early phase of ice-sheet development. Sedimentation rates are adopted from the IODP report and the
relevant publication.
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The two sediment ridges, A and B, show a complex of both extensive
levee deposits (Figs. 6, 7) and elongate mound drifts (Figs. 5, 8). As de-
scribed above, we tentatively interpret them (Figs. 5, 6, 7) as turbidity-
contourites, mixed-system consequences of the interplay between
turbidity and bottom currents. In general, the trend and degree of
progradation of turbidity-contourites can varywith respect to sediment
supply, marginmorphology, bottom current intensity, and sea level and
ice volume changes (Rebesco et al., 1997; Uenzelmann-Neben, 2006;
Miller et al., 2011).5.2.1. Bottom/turbidity currents
In Ridge A, the levees alongside deep-sea Channels I and II developed
byoverbank deposition (Figs. 1, 6, 7). Over bank deposits arewell devel-
oped on the western sides and less developed on the eastern sides of
channels in the southern hemisphere because the Coriolis force deviates
turbidity currents ﬂowing along the channels (Figs. 6A). Pronounced
growth, indicated by the divergent reﬂectors in the levee deposits,
suggests a period of high sediment supply lasting from the LateMiocene
to the Late Pliocene (Unit 2) (Fig. 6). This is consistent with the
increased sedimentation rate (50 m/m.y.) reported for the period at
ODP site 693 (Golovchenko et al., 1990). The semi-transparent,
stratiﬁed reﬂectors inside levee deposits indicate the presence of
ﬁne-grained turbidites and hemipelagic and pelagic sediments, as sam-
pled at ODP drill site 694 in the abyssal plain (Barker et al., 1988). Some
ﬁne-grained sediment were reworked by episodic turbidity currents
to generate well-sorted deposits, which were transported over long
run-out distances and deposited as large levee or channel leveecomplexes over the past 15 Myr (Fig. 7) (Emery and Myers, 1996;
Faugères et al., 1999; Michels et al., 2001, 2002).
Ridge B is bounded on one side by the non-depositional or erosional
Channel III (Figs. 5, 8). Its large mounded elongated sedimentary
geometry is parallel to the deep bottom-current ﬂow of WSBW.
The channel's levees, like those described above, are the results of
turbidity ﬂow. These interpretations allow the interpretation of Ridge
B as consisting of a NE-SW trending turbidity-contourite. The position
and geometry of turbidity-contourites are controlled by pre-existing
seaﬂoor morphology, which directs the various branches of the bottom
currents. The direction of the bottom currents interacts, in turn,with the
geometries of contourite bodies. Thus, we afﬁrm the NE-SW trends of
the turbidity-contourites were probably associated with the northeast
ﬂowdirection ofWSBW,which is as least as old as Ridge B in this region.
AABWand theWeddell Gyre circulate along the continentalmargin and
ﬂow toward thewest in the southeasternWeddell Sea,where they have
contrived the asymmetric geometry of the turbidity-contourites. The
levee deposits in Ridge B are truncated at their margin with Channel
III (Figs. 5, 8). The truncated reﬂectors (Fig. 5, CDP 7500–8000) seem
to have been eroded due to slope instability resulting from the elevation
difference between the levee and the channel, which developed
through the progressive aggradation of the former.
5.2.2. Sea level and ice sheet evolution
Continuous deposition occurred throughout the Miocene, Pliocene
and Pleistocene (Barker and Kennett, 1988). Owing to their location
on the CTMF (Figs. 1, 3, 4), a major depocentre for terrigenous sediment
brought to the continental margin by paleo-ice streams, the large
turbidity-contourite bodies described abovewill also have been affected
by ice sheet advances/retreats that occurred in response to eustatic sea
Fig. 13. Simpliﬁed depositional models for the observed seismic units off the Filchner Shelf. Unit 1 (15–7Ma): CTMF started to build up by ice sheets advance. Unit 2 (7–3 Ma): increased
MTDs are featured in this unit. Unit 3 (3–0 Ma): Levee deposits dominate on the continental slope and rise.
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pattern in the lower part of Unit 1 shows a great variability of ampli-
tudes (Figs. 5, 6, 7). This can be related to the onset of Antarcticglaciation in the Middle Miocene (Fig. 12). We suggest that sea level
fall (between 54 and 69 m) (Miller et al., 2011), as a consequence of
full Antarctic glaciation in the Middle Miocene, led to sediment
223X. Huang, W. Jokat / Global and Planetary Change 139 (2016) 211–225starvation or erosion on the shelf, and an increase in deposition in the
deep sea (Figs. 11, 12) This is supported by an increase in sedimentation
rates at ODP site 693 from2.5m/m.y. in the EarlyMiocene to 8m/m.y. in
the Middle Miocene (Barker et al., 1990) (Fig. 12).
A faster sedimentation rates with 24 m/m.y. and 50 m/m.y.
have been observed in the late Miocene and early Pliocene (Unit
2) (Golovchenko et al., 1990) (Fig. 12), at ODP Site 693. In the seismic
records, the divergent reﬂectors in the levee deposits of Unit 2
(Fig. 6A CDP: 9700–10,500) also suggest a high sediment supply.
Abundant MTDs are observed in this unit (Figs. 9, 10). We may
suspect that Weddell Sea shelf margin have been severely glaciated
as the ice sheets advanced, in order to continuously supply sediment
during this period. However, model studies suggested that the EAIS
is thought to have experienced large-scale mass loss during the
early Pliocene (Pollard and DeConto, 2009) (Fig. 12). Therefore, the
southeastern Weddell Sea margin was probably under a condition
that lack of large-scale glaciation. The high voluminous terrigenous sed-
iments supply could be attributed to the river system or deep canyons
with ﬁlled local glaciers (Barker, 1992). We consider that a relative
sea level fall in this Unit is ascribed to the Pliocene intensiﬁcation of
Northern Hemisphere glaciating (Fig. 12).
A regional decrease in sedimentation rates (1 m/m.y.) beginning
at about 3 Ma at ODP site 693 (Fig. 12) has been attributed to a
reduction in the supply of terrigenous sediments to the Weddell
Sea margin and the permanent grounding of the ice shelf along the
Antarctic margin (Barker et al., 1990). Global ice volume and sea
level during the early Pliocene and Pleistocene were strongly
inﬂuenced by orbital forcing, and marine glacial deposits of this
age consequently often exhibit regular glacial-interglacial cycles
(Lisiecki and Raymo, 2005; Miller et al., 2011; Patterson et al.,
2014). In the seismic records, the widespread presence of levees in
Unit 3 across the continental slope, rise, and abyssal plain (Fig. 6)
suggests that turbid-water production and associated down-slope
sediment gravity ﬂows at former ice-sheet and ice-stream margins
were probably the more signiﬁcant processes in the formation and
development of the levee deposits (Fig. 13).
5.3. MTDs and associated trigger mechanisms
The interpretation of MTDs followed previously established
criteria, helping the identiﬁcation of packages of chaotic and/or
disrupted strata (e.g. Frey-Martínez et al., 2006; Bull et al., 2009).
MTDs have been extensively reported on the CTMF and around
Polarstern Bank in the southeastern Weddell Sea (Figs. 9, 10). Sever-
al trigger mechanisms for the occurrence of the MTDs have been
suspected in this study, including sediment loading, sea level chang-
es, earthquakes, active tectonics and ﬂuids and/or gas hydrate disso-
ciation (Masson et al., 2006; Nelson et al., 2011; Piper et al., 2012;
Ruano et al., 2014). However, ﬂuid and/or gas hydrate dissociation
is unlikely to be the trigger of MTDs in our study region due to lack
of direct evidence for ﬂuid ﬂow and a bottom simulating reﬂector
(BSR) in the seismic records.
Numerous MTDs in Unit 2 apparently rest on the prominent
sequence boundaries WS-u6 and Ws-u7 on the continental slope
and rise (Figs. 9, 10), indicating they date from the Late Miocene to
Late Pliocene. These correlations suggest a common cause with the
formation of the major erosional unconformities, which have been
correlated with sea-level changes, particularly in the early and
Mid-Pliocene warm period when sea level fell by as much as 65 m
(Dwyer and Chandler, 2009; Miller et al., 2011). Sea level fall plays
a signiﬁcant role in supplying ﬂuvial sediments directly to deep
water areas where they can form large volume gravity-ﬂow deposits
(Posamentier and Kolla, 2003).
Elsewhere, the seismic records imply that MTDs accumulated rapid-
ly on the outer shelf and upper continental slope in the southeastern
Weddell Sea (Figs. 9, 10, 13). This is the case particularly in front ofthe Filchner Trough (Fig. 1, MTDs), where large amounts of sediment
were rapidly delivered to the upper slope by ice streams in glacial
times or deep canyons with local glaciers (Barker et al., 1990, Huang
et al., 2014). A high sediment supply, implied by up to 50 m/m.y. sedi-
mentation rate on the continental slope (Golovchenko et al., 1990),
may have promoted subsequent down-slope remobilization. Inferred
MTDs overlie thick successions of inferred hemipelagic and pelagic sed-
iments of Unit 1 (Figs. 9, 10) and were possibly triggered by sediment
loading leading to overpressure at the shelf break during rapid sediment
accumulation. In addition, the steep topographic gradient (up to 7.5°) of
the slope off the DML margin is likely to have promoted frequent mass
transport as well (Figs. 1, 11). The steeper the slope, the greater the
velocity of sediment gravity ﬂows and, therefore, the greater the
sediment discharge to the slope.
Lithospheric stress, induced by glacial loading and/or active tectonics,
can trigger instabilities and generate MTDs (James and Ivins, 1998;
Maslin et al., 2004, Shanmugam, 2006). Many studies show a strong
linkage between MTDs and earthquakes induced by active intraplate
deformation and volcanism (Ferentinos et al., 1988; Shanmugam,
2006; Argnani et al., 2012; Vargas et al., 2012). Abundant MTDs in the
southern Scotia Sea have been attributed to active tectonics and
earthquakes in the Scan and Dove basins, close to the active Antarctic-
Scotia plate boundary (Ruano et al., 2014). However, earthquake
monitoring at the Neumayer base reveals modern-day seismic activity
in the southeastern Weddell Sea to be only slight to moderate
(Reading, 2002; Fütterer et al., 2006). This is because plate boundary
tectonics ceased to operate in the southeastern Weddell Sea after
122Ma (König and Jokat, 2006). This leaves only the very largest region-
al plate boundary earthquakes, for example at the South Sandwich
Trench, as earthquake triggers for the region's MTDs. Glacial loading
contrasts, on the other hand, might be more plausibly related to mass
transport events in the southeastern Weddell Sea. Yamane et al.
(2015), for example, modeled a thicker Pliocene EAIS resulting from
enhanced moisture transport and increased snowfall.5.4. Possible implications for Antarctic ice sheets
Because of the numerous glacial unconformities on the shelf
and the absence of a deep drill core penetrating these strata, it is
challenging to establish a detailed prograding-slope stratigraphy
of the CTMF to interpret the history of ice sheets advances/retreats
and grounding events on the continental shelf. The observed
changes of depositional style in the southeastern Weddell Sea can
be interpreted in terms of paleo-climate changes and glacial histo-
ry (Fig. 13). The CTMF deposits and the initial giant turbidity-
contourites are a composite product of multiple episodes of ice
sheet advances/retreats during the deposition of three units
under the region's glacial bottom current (along-slope processes)
regime and turbidity ﬂow (down-slope processes). Later, as seen in
Units 2 and 3, extensive mass transport events (Figs. 9, 10, 13) oc-
curred as slopes steepened beyond critical angles at some locations
during the progradation and/or basinward tilting of platform strata
near the shelf edge, towhich ice sheets periodically advanced due to or-
bital forcing (Patterson et al., 2014).
The seismic reﬂection data most likely represent several million
years of glacial history. The large volume of sediment in the progradated
unitswas erodedwithin the drainage area. The truncations and top-laps
indicate temporary periods of erosion within an environment in which
there has been net deposition over the past several million years
(Fig. 11). During major glacial periods, an ice sheet may advance far
into the marine realm as grounded ice. This will lead to large quantity
of sediments delivered through transport at the base of a paleo-ice
stream and subsequent reworking by gravitational ﬂows, which led to
the production of appreciable seaward prograded clinoforms at the
margin (Figs. 11, 13).
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Two giant, sinuous, NE-SW-oriented sediment ridges are the most
prominent sedimentary features of the southeastern Weddell Sea. The
bathymetric expressions of the ridges are more than 150 km wide and
700 km long. Sediment thicknesses in the ridges reach as much as
2 km. We interpreted these ridges as turbidity-contourites, due to the
complicated down-slope/along-slope processes occurring across their
margins with channels at their ﬂanks. The turbidity-contourites are
formed by along-slope process (e.g. AABW, WSBW), and signiﬁcantly
modiﬁed and conditioned by down-slope process (turbidity ﬂow) to
form extensive levees in the study region. In addition, the seismic data
allow us to interpret the inﬂuences over time of the region's unique
large catchment area, fast (paleo-)ice streams, abundant sediment
supply, ﬂuctuating sea level, and advancing and retreating ice sheets,
on the development of the giant turbidity-contourites.
Other, related, changes in depositional style are visible in our
offshore seismic data from the Late Miocene to Late Pliocene in this
study. The remarkable increase in MTDs during the Late Miocene and
Middle to Late Pliocene (between WS-u6 and WS-u7) is related to the
build-up of overpressure during rapid sediment accumulation, changing
sea-level, and possibly also glacial-isostatic paleoearthquakes. Our
stratigraphic studies may indicate that ﬂuctuations of Antarctic ice
sheets similar to those occurring during late Quaternary glacial cycles
have been typical for the region during glacial periods since the Late
Miocene or even earlier. However, the details of the ice sheet dynamics
can only be constrained by deep scientiﬁc drilling.
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